Retinoid signaling plays a crucial role in patterning rhombomeres in the hindbrain and motor neurons in the spinal cord during development. A fundamentally interesting question is whether retinoids can pattern functional organization in the forebrain that generates a high order of cognitive behavior. The striatum contains a compartmental structure of striosome (or ''patch'') and intervening matrix. How this highly complex mosaic design is patterned by the genetic programs during development remains elusive. We report a developmental mechanism by which retinoid receptor signaling controls compartmental formation in the striatum. We analyzed RAR␤ ؊/؊ mutant mice and found a selective loss of striosomal compartmentalization in the rostral mutant striatum. The loss of RAR␤ signaling in the mutant mice resulted in reduction of cyclin E2, a cell cycle protein regulating transition from G 1 to S phase, and also reduction of the proneural gene Mash1, which led to defective neurogenesis of late-born striosomal cells. Importantly, during striatal neurogenesis, endogenous levels of retinoic acid were spatiotemporally regulated such that transduction of high levels of retinoic acid through RAR␤ selectively expanded the population of late-born striosomal progenitors, which evolved into a highly elaborate compartment in the rostral striatum. RAR␤ ؊/؊ mutant mice, which lacked such enlarged compartment, displayed complex alternations of dopamine agonist-induced stereotypic motor behavior, including exaggeration of head bobbing movement and reduction of rearing activity. RAR␤ signaling thus plays a crucial role in setting up striatal compartments that may engage in neural circuits of psychomotor control.
Retinoid signaling plays a crucial role in patterning rhombomeres in the hindbrain and motor neurons in the spinal cord during development. A fundamentally interesting question is whether retinoids can pattern functional organization in the forebrain that generates a high order of cognitive behavior. The striatum contains a compartmental structure of striosome (or ''patch'') and intervening matrix. How this highly complex mosaic design is patterned by the genetic programs during development remains elusive. We report a developmental mechanism by which retinoid receptor signaling controls compartmental formation in the striatum. We analyzed RAR␤ ؊/؊ mutant mice and found a selective loss of striosomal compartmentalization in the rostral mutant striatum. The loss of RAR␤ signaling in the mutant mice resulted in reduction of cyclin E2, a cell cycle protein regulating transition from G 1 to S phase, and also reduction of the proneural gene Mash1, which led to defective neurogenesis of late-born striosomal cells. Importantly, during striatal neurogenesis, endogenous levels of retinoic acid were spatiotemporally regulated such that transduction of high levels of retinoic acid through RAR␤ selectively expanded the population of late-born striosomal progenitors, which evolved into a highly elaborate compartment in the rostral striatum. RAR␤ ؊/؊ mutant mice, which lacked such enlarged compartment, displayed complex alternations of dopamine agonist-induced stereotypic motor behavior, including exaggeration of head bobbing movement and reduction of rearing activity. RAR␤ signaling thus plays a crucial role in setting up striatal compartments that may engage in neural circuits of psychomotor control.
basal ganglia ͉ cell proliferation ͉ retinoic acid ͉ stereotypic behavior A general principle of functional organization in the central nervous system is the compartmental arrangement of neuronal populations. The columnar organization of the cerebral cortex represents the most elaborate compartmental organization in the telencephalon, but compartmental organization also is present in the striatum. The striatum comprises two neurochemically distinct compartments, striosome (or patch) and the matrix (1) (2) (3) . Unlike the columnar organization of the cerebral cortex, striosomes, which comprise Ϸ15-20% of the striatum, are embedded in the surrounding matrix to form a labyrinthine structure. Neurons in striosomes and in the matrix are generated during different time windows, differentiate at different rates into different neurochemical phenotypes, establish different connectivity with other brain regions, and degenerate at different rates in neurodegenerative diseases (2, 3) .
Retinoid signaling, by virtue of its powerful patterning ability in developmental control, is involved in specification of body axis and building structural organs (4) . Retinoid signaling plays a crucial role in patterning rhombomeres in the hindbrain and motor neurons in the spinal cord during development (5) . A fundamentally interesting question is whether retinoids can pattern functional organization in the forebrain that generates cognitive behavior. Previous studies have shown that development of the intermediate part of telencephalon, which gives rise to the striatum in the mammalian telencephalon, is regulated by retinoid signaling (6) (7) (8) (9) (10) . It is, however, unknown whether retinoid signaling is involved in control of compartmental formation during striatal development.
Retinoid signaling is transduced by binding to retinoic acid (RA) receptors (RAR␣, RAR␤, RAR␥) and retinoid X receptors (RXR␣, RXR␤, RXR␥) that belong to the steroid/thyroid receptor superfamily (4) . RARs and RXRs are ligand-activated transcription factors that can transactivate downstream target genes. Of the different subtypes of RARs, RAR␤ is preferentially expressed in the developing striatum (11) (12) (13) . We report in the present study that RAR␤ signaling plays a critical role in setting up striatal compartmentation by differential regulation of the population sizes of striosomal cells along the rostrocaudal axis during development, and the enlarged striosomal compartment in the rostral striatum may modulate the neural circuits of psychomotor function.
Results

Aberrant Compartmentation in the Striatum of RAR␤
Striosomes express high levels of -opioid receptor (MOR1) and dynorphin but low levels of calbindin-D 28K and met-enkephalin [ Fig. 1 A and C; supporting information (SI) Fig. S1 A and C] (2, 3). MOR1 immunostaining showed that the areas of MOR1-positive striosomes were drastically reduced by 71.1% in RAR␤ Ϫ/Ϫ mutant striatum ( Fig. 1 A, AЈ, and F) . MOR1-positive striosomes disappeared mainly in the rostral striatum ( Fig. 1 A, AЈ, and F) but were largely spared in the ventromedial striatum at middle and caudal levels ( Fig. 1 B, BЈ, and F) . Dynorphin was also reduced in the rostral mutant striatum (Fig. S1 A, AЈ, and F) . Moreover, calbindin-poor zones (striosomes) were drastically diminished in the rostral striatum such that calbindin expression became largely homogeneous ( Fig. 1 CЈ and EЈ) . The number of calbindin-positive neurons was, however, not significantly altered in mutant striatum (wild type, 1,315.5 Ϯ 372.2/mm 2 ; mutant, 1,297.0 Ϯ 315.6/mm 2 , P ϭ 0.887, n ϭ 3). Immunostaining of met-enkephalin showed similar results to that of calbindin (Fig. S1 C, CЈ, E, and EЈ). Notably, in addition to the changes of striosomal markers, the striatal area was decreased in the rostral but not the caudal mutant striatum (Fig.  1G) , suggesting a cytoarchitectural change. The perinatal strio-somes express high levels of MOR1, dopamine-and cyclic adenosine 3Ј:5Ј-monophosphate-regulated phosphoprotein (DARPP-32), and tyrosine hydroxylase (TH). These three markers were also reduced primarily in the rostral part of newborn mutant striatum (Fig. S2 A-JЈ) . Ebf-1, a marker for developing matrix (14) , was increased in the rostral but not in the caudal part of newborn mutant striatum ( Fig. S2 K-M) . Defective striosomes also occurred prenatally at E16.5. At E16.5, DARPP-32-positive neurons were not yet organized into striosomal pattern in the wild-type striatum, but DARPP-32 neurons were significantly reduced in the mutant striatum ( Fig. S3 B and BЈ) , which indicated that the reduction of striosomes occurred before compartmental formation.
Loss of Late-Born Striosomal Neurons in RAR␤ ؊/؊ Mutant Mice. The concurrent decreases of several striosomal markers suggested that RAR␤-null mutation might affect neurogenesis and/or survival of striosomal neurons. Striosomal cells (S cells) and matrix cells (M cells) finish their last mitosis at different time windows (15, 16) . The majority of S and M cells can be pulse-labeled with BrdU at E11.5-E13.5 and after E16.5, respectively, in the mouse. Within the S cell population, most S cells in the caudal striatum and the subcallosal lateral streak are born at E11-E12.5, whereas most S cells in the rostral striatum are born later at E12.5-E13.5 in the mouse (17) (W.-L.L. and F.-C.L., unpublished observations).
Because RAR␤ mutation-induced decreases of S markers primarily occurred in the rostral striatum, we pulse-labeled rostral S cells with two injections of BrdU at E12.75 and E13. Clusters of BrdU-labeled S cells were drastically reduced by 88.2% in the rostral RAR␤ Ϫ/Ϫ mutant striatum ( Fig. 1 H, HЈ, I , IЈ, and K). Similar findings were observed in the newborn mutant striatum (Fig. S3 A, AЈ, C, and CЈ). The subcallosal lateral streak, which comprised early-born S cells, remained largely unaffected in the rostral mutant striatum (Fig. 1 J, JЈ, and K) . Importantly, the loss of late-born S cells occurred at E12.75 before the segregation of S and M cells into compartments, because the reduction of BrdU-labeled cells was detected in the mutant lateral ganglionic eminence (LGE, striatal anlage) at 28 h postinjection of BrdU when the BrdU-labeled postmitotic cells had migrated into the differentiated mantle zone but were not yet organized into compartments ( Fig. 2 A, AЈ, and C).
Defective Neurogenesis of Late-Born Striosomal Cells in Striatal
Anlage of RAR␤ ؊/؊ Mutant Embryos. The loss of late-born S cells in the mutant striatum might be due to aberrant cell death and/or defective neurogenesis induced by RAR␤-null mutation. We assayed cell death by TUNEL staining. The number of apoptotic cells in the wild-type LGE did not significantly differ from that in the mutant LGE at E12.75, E13.5, E14.5, and E15.5 ( Fig. S4) , which ruled out cell death as the primary cause of cell loss.
In addition to the mantle zone, low levels of RAR␤ were expressed in the ventricular zone (VZ) of LGE as detected by RT-PCR and in situ hybridization (Fig. S5) , which is consistent with the report that RAR␤ is expressed by proliferating progenitors in neurospheres derived from striatal anlage (18) . To determine whether the reduction of S cells was due to defective proliferation of S progenitors in the germinal zones, we pulse-labeled late-born S progenitors with BrdU at E12.75 and examined the BrdU incorporation rate at 1 h after BrdU injection. BrdU-positive cells were reduced by 16.7% in the VZ of RAR␤ Ϫ/Ϫ mutant LGE ( Fig.  2 B and BЈ, D, and E). The reduction was specific to the LGE, because it did not occur in the ventral pallium of cortical anlage (Fig. 2E) . In parallel to the defective proliferation, cyclin E2 (Ccne2), a cell cycle protein regulating transition from G 1 to S phase (19) , was decreased by 16.1% in the mutant LGE (Fig. 2 F,  FЈ, and H) . Moreover, the proneural gene Mash1 was also reduced by 19.3% in the mutant LGE (Fig. 2 G, GЈ, and I) . BrdU-positive cells tended to decrease in the mutant subventricular zone (SVZ), a secondary proliferative population in the germinal zones (86.2 Ϯ 7.5% of wild type, P ϭ 0.0718, n ϭ 6).
The deficit in cell proliferation was specific to late-born S cells, because pulse labeling of early-born S cells at E11.5 or M cells at E16.5 with BrdU did not show significant differences of BrdUpositive cells in the LGE/developing striatum between the wild-type and RAR␤ Ϫ/Ϫ mutant embryos (Fig. 2D) . These results are in good accordance with the aforementioned findings that early-born S cells and M cells were spared in the adult mutant striatum ( Fig. 1 F and  K) . Note that the loss of late-born S progenitors was not due to depletion of precursor pools by precocious differentiation, because no apparent increase of TuJ1-positive neurons was observed in E12.75 and E13.5 mutant LGE (data not shown). 
RA Increased Cell Proliferation of Striatal Progenitors.
It remained a puzzle within the S cell population why RAR␤ mutation primarily targeted the late-born S cells, whereas it relatively spared the early-born S cells. A possible account for this differential effect is that the early-born S cells might be incompetent to transduce RA signals. To test this hypothesis, wild-type mouse embryos were maternally treated with all-trans RA (5 mg/kg) every 12 h from E10.5 to E11.5 and then pulse-labeled with BrdU for 1 h before embryo culling. The RA treatments resulted in increases of BrdU-positive cells in the VZ of LGE at rostral, middle, and caudal levels ( Fig. 3 B, BЈ, and E) and decreases of TuJ1-positive areas in the mantle zone ( Fig. 3 B and BЈ) . These results indicated that early-born S progenitors were in fact competent to transduce RA signals by expanding its population.
To further test whether the RA-enhanced cell proliferation was mediated through RAR␤ signaling, the same set of experiments were performed in RAR␤ Ϫ/Ϫ mutant embryos and their wild-type littermates. RA treatments did not effectively increase proliferation of early-born S cells in RAR␤ Ϫ/Ϫ mutant LGE at rostral and middle levels ( Fig. 3F) , which indicated that the lack of RAR␤ largely prevented RA from increasing proliferation of early-born S cells.
We also tested whether exogenous RA could alter proliferation of late-born S cells by maternally treating wild-type mouse embryos with RA every 12 h from E12.5 to E13.5 and then pulse-labeling with BrdU for 1 h before culling. The RA treatments did not alter cell proliferation in the rostral and middle parts of E13.5 LGE (Fig.  3G ). We surmised that this might be due to high levels of endogenous RA present in the rostral/middle LGE at E12.5-E13.5, which could limit the effect of exogenous RA (see below, Fig. 4 B, E, and H). Accordingly, RA induced-cell proliferation should occur in the region where endogenous RA was low. Indeed, exogenous RA increased BrdU-positive cells in the VZ of caudal part of E13.5 LGE (Fig. 3 D Chronic RA Treatments Resulted in Enlarged Caudal Striosomes. We further assayed the effects of chronic RA treatments during the entire neurogenesis of S and M cells. The embryos treated with RA every 12 h from E11.5 to E17.5 had enlarged DARPP-32-and GluR1-positive striosomes in the caudal striatum (Fig. S6) . No significant effect was observed in rostral striosomes, which contained late-born S cells, nor did the population of M cells appear to be affected by the RA treatments (data not shown). Because striosomes in the caudal striatum were made up of early-born S cells, these results were consistent with the findings that exogenous RA mainly increased proliferation of early-born S cells (Fig. 3 B, BЈ , and E) and further suggest that as a consequence, more early-born S cells are recruited to caudal striosomes.
RA Directly Regulated Proliferation of Striatal Progenitor-Derived
Cells in Vitro. To further determine whether RA could directly regulate proliferation of striatal progenitors, we used the ST14A cell line, which was immortalized from rat striatal progenitors during the neurogenesis time window of S cells at E14 (20) . The proliferating ST14A cells expressed RAR␤ and RXR␤ transcripts (Fig. S7D ). All-trans RA (1 M) increased proliferation of ST14A cells, because BrdU-labeled cells were significantly increased by 142.3% with RA treatment (Fig. S7 B and C) . RA also increased Ccne2 and decreased the differentiation marker of microtubuleassociated protein 2 (Fig. S7D ).
Spatiotemporal Regulation of Endogenous Levels of RA in Striatal
Anlage. Given that early-born S cells are capable of responding to RA signals, why is this cell population less affected by RAR␤ mutation? We postulated that the concentration of RA might be very low in E10.5-E11. 5 LGE when the early-born S cells undergo neurogenesis. During early telencephalic development, a major RA source for the LGE is synthesized by retinaldehyde dehydrogenase 3 (Raldh3) (10, 21) , although Raldh1 is present in the mesostriatal afferents (22) . We found that few cells expressing Raldh3 mRNA were present in E11.5 LGE (Fig. 4A) . In contrast, when the late-born S cells undergo neurogenesis at E12.5-E13.5, many Raldh3-positive cells were present in the rostral/middle LGE but not in the caudal LGE (Fig. 4 B and C) (21) . We further determined the endogenous RA level in the LGE with a coculture assay. Using the Sil-15 RA reporter cells, RA produced by explant tissue could be detected by activation of the ␤-galactosidase reporter gene (9, 23) . Few X-gal-positive cells were found when cocultured with E11.5 LGE (Fig. 4 D and G) . In contrast, many X-gal-positive cells were detected when cocultured with the rostral (Fig. 4 E and H) but not the caudal part of E13.5 LGE (Fig. 4 F and I) . These results confirmed that endogenous RA in the LGE was very low during the neurogenesis time window of early-born S cells, whereas a substantial level of RA was present during the neurogenesis time window of late-born S cells in the rostral LGE.
Alterations of Dopamine Agonist-Induced Stereotypic Motor Behaviors in RAR␤ ؊/؊ Mutant Mice. The selective loss of rostral striosomes in RAR␤ Ϫ/Ϫ mutant mice provided a unique opportunity to look into the functional significance of S compartments at the behavioral level. We treated the mice with apomorphine, a stereotypy-eliciting dopamine agonist, and examined the stereotypic motor behaviors, including head bobbing, rearing, and grooming. With the vehicle treatment, wild-type and mutant mice had similar activities of locomotion, head movement, rearing, and grooming ( Fig. 5 A-C; data not shown). Apomorphine (3 mg/kg) increased the locomotor activity in wild-type and RAR␤ Ϫ/Ϫ mutant mice to similar degrees (Fig. 5A) . Apomorphine at the dosage of 3 mg/kg was ineffective in inducing repeated head bobbing in wild-type mice, but it drastically induced stereotypic head-bobbing movement in RAR␤ Ϫ/Ϫ mutant mice at 20 and 50 min after injection (P Ͻ 0.001, two-way ANOVA; Fig. 5B ), which suggested the head-bobbing behavior was exaggerated in RAR␤ Ϫ/Ϫ mutant mice. Apomorphine at 3 mg/kg was also ineffective in altering the rearing activity in wild-type mice (Fig.  5C ), but the rearing activity was completely lost in RAR␤ Ϫ/Ϫ mutant mice at 20 min after apomorphine injection (P Ͻ 0.001, two-way ANOVA; Fig. 5C ). The grooming activity tended to decrease in apomorphine-treated RAR␤ Ϫ/Ϫ mutant mice, but the decrease did not reach statistical significance (data not shown).
Discussion
Our study provides previously undescribed genetic evidence that retinoid receptor signaling plays a crucial role in patterning the functional organization in the striatum that is involved in generation of psychomotor behavior. Our experiments demonstrate heterogeneity of S cell populations along the rostrocaudal axis in terms of RAR␤ signaling. The population of late-born S cells, which is preferentially expanded by high levels of RA through RAR␤ signaling to form a large S compartment in the rostral striatum, may engage in modulating neural circuits of psychomotor function.
Regulation of Proliferation of S Progenitors by RAR␤ Signaling.
RAR␤ mutation resulted in defective proliferation of late-born S cells. In addition to the differentiated mantle zone, RAR␤ is expressed at low levels in the progenitor domains of LGE (Fig. S5 ) and by progenitor cells in neurospheres derived from striatal anlage (18) . The expression of RAR␤ in striatal progenitors suggests a cell-autonomous effect of RAR␤ in regulating proliferation of striatal progenitors, which is corroborated by our finding that RA increased proliferation of striatal progenitors-derived ST14A cells. A previous cell lineage study has suggested a heterogeneity of S and M progenitors within the proliferative VZ (24) . It is likely that both the late-born S progenitors and the M progenitors were concurrently labeled by the 1-hour pulse of BrdU at E12.75 LGE. Because the population of M cells is the dominant population in the striatum (Ϸ80-85% of total striatal neurons) and the neurogenesis of M cells was not affected by RAR␤ mutation, the RAR␤ mutationinduced moderate decreases in cell proliferation and Ccne2 and Mash1 mRNA levels are likely to reflect a selectivity of defective neurogenesis of the small population of late-born S progenitors. The presence of low levels of RAR␤ in the progenitor domains may thus suggest a selective expression of RAR␤ in a small population of S progenitors.
A Stage-Dependent Dual Mode of RA Signaling for Controlling Striatal
Development. It is unclear why the proliferation of M progenitor cells was unaffected in RAR␤ Ϫ/Ϫ mutant LGE, which may be due to the absence of RAR␤ or selective expression of RA degrading enzymes in M progenitors. Unlike M progenitor cells, differentiating M cells were competent for transducing RA signals, because Ebf-1, a differentiating marker of M cells (14) , was increased in RAR␤ Ϫ/Ϫ striatum, suggesting that differentiation of M cells is regulated by RAR␤ signaling. RA signaling has been shown to regulate differentiation of striatal molecules, particularly the molecules involved in dopamine signal transduction including D1 and D2 receptors and DARPP-32 (6, 10, 12, (25) (26) (27) (28) . Given that most RA-regulated dopamine signaling molecules are first expressed by S and also later by M cells during development, we propose a stage-dependent dual mode of RA signaling in which RA first regulates proliferation of late-born S progenitors and later differentiation of postmitotic S and M cells in striatal development.
Patterning the Labyrinthine of Striatal Compartments by RAR␤ Sig-
naling. The S compartments, as shown by 3D reconstruction study, form a labyrinthine structure in which the S compartment is larger and more elaborate at the rostral than the middle and caudal levels (29) . Given the differentially proliferating effects by RA on S cells undergoing neurogenesis at different time windows, we propose a working model that RAR␤ signaling plays a crucial role in setting up the population sizes of S compartments along the rostrocaudal axis (Fig. 6) . Under physiological conditions, the early-born S cells, due to deficiency of RA at their neurogenesis at E10.5-E11.5, develop into a small S compartment in the caudal striatum. Subsequently, elevated concentration of RA at E12.5-E13. 5 LGE may enable full activation of RAR␤ signaling in late-born S cells, which leads to preferential expansion of the late-born S cell population. The late-born S cell population eventually evolves to form a fully blown S compartment in the rostral striatum.
Potential Involvement of the Rostral S Compartment in Neural Circuits
of Psychomotor Function. The enlarged S compartment by RAR␤ signaling in the rostral striatum should presumably have topographically functional significance. Challenging the RAR␤ Ϫ/Ϫ mutant mice with apomorphine revealed a differentially responsive profile of various stereotypic behaviors, including exaggeration of headbobbing movement and reduction of rearing activity. These behavioral phenotypes were unlikely due to changes of dopamine receptors in the mutant striatum, because D1 and D2 receptors are not altered in RAR␤ Ϫ/Ϫ mutant mice (12) . The behavioral phenotypes instead imply that neurons in the rostral S compartment may modulate complex neural circuits of psychomotor control. It has been proposed that unbalanced activity shifting toward increased neuronal activity in S compartment is correlated with motor stereotypic behavior (30, 31) , although another study has argued that motor stereotype does not require enhanced activity in S 6 . Schematic drawings illustrating the working hypothesis of modular patterning of striatal compartments by RAR␤ signaling. The early-born S cells, because of deficiency of endogenous RA in the LGE during their neurogenesis at E10.5-E11.5, develop into a small S compartment in the caudal striatum. Subsequently elevated RA at E12.5-E13.5 enables full activation of RAR␤ signaling in late-born S cells, which leads to preferential expansion of the late-born S cell population. The expanded S cell population eventually evolves to form a large and elaborate S compartment in the rostral striatum, which may modulate psychomotor function. Note that, for simplicity, the effects of RA signaling on promoting differentiation of striatal neurons are omitted from the drawings.
neurons (32) . The S compartment receives limbic system-associated inputs from the cerebral cortex and projects to dopaminergic neurons of the pars compacta of the substantia nigra, which may provide feedback control of dopaminergic inputs to striatal circuits (2, 3) . The loss of rostral S compartment in RAR␤ Ϫ/Ϫ mutant striatum would conceivably result in aberrant neural circuits and perhaps change of dopamine tone within the basal ganglia, which in turn leads to altered drug-induced repetitive motor behavior. We cannot, however, rule out the possibility that there may be some uncharacterized defects in other brain regions that contribute to the behavioral phenotype of RAR␤ Ϫ/Ϫ mutant mice.
Aberrant RA Signaling and the Pathogenesis of Psychomotor Disorders. Clinical relevance of RA signaling in regulation of stereotypic motor behavior has been reported in patients with obsessivecompulsive disorder (OCD), because the stereotypic motor symptoms of OCD patients are alleviated with RA treatments (33) . Autism, a neurodevelopmental disorder characterized by aberrant repetitive behavior, is linked to defective corticobasal ganglia circuits (34) . A recent MRI study has reported a decrease in the volume of the caudate nucleus in patients with autism (35) , and the etiology of autism may be associated with abnormal RA signaling and MOR deficiency (36, 37) . Clinical case reports also implicate potential RA treatments for autism (38) . Taken together, given that MOR1 is selectively expressed in striatal S compartments, our findings of RAR␤ mutation-induced aberrant S compartments and associated psychomotor dysfunction may have clinical implication for understanding the pathogenesis of autism and other psychomotor disorders.
Experimental Procedures
Detailed experimental procedures are described in SI Text.
Mutant Mice. RAR␤ mutant mice were generated (39) . See Experimental Procedures in SI Text.
Immunohistochemistry. Immunohistochemistry was performed as described (40) with the following primary antibodies: rabbit MOR1 [1:10,000, gift of R. P. Elde (University of Minnesota, Minneapolis)] mouse calbindin (1:500, Sigma), rabbit met-enkephalin (1:2,000, gift of R. P. Elde), rabbit DARPP-32 (1:150, Cell Signaling), rabbit tyrosine hydroxylase (1:2,000, EugenTech), rabbit Ki67 (1:200, NovoCastra), rabbit ␤III-tubulin (TuJ1, 1:1,000, Covance), sheep BrdU (1:200, Biodesign) and rabbit GluR1 (1:200, Upstate Biotechnology).
In Situ Hybridization. In situ hybridization was performed as described (13) . See Experimental Procedures in SI Text.
Cell Culture. The cultivation of explant tissue, Sil-15 RA reporter cells, and ST14 cells was performed as described (9, 20, 23 TCA CAGGA, reverse, 5Ј-TTCAC ACTCA GGTCA CTTCG ACTTC TG, 333-1056, 60°C, 27 cycles, 724 bp; DARPP-32 (AF281662), forward, 5Ј-AGTTA GGGGA GCTTC G, reverse,  5Ј-AGTTT CCATC TCTCT GGG, 68-274, 60°C, 30, 207; MAP2  (M21041), forward, 5Ј-CATCA TCCGC ACTCC T, reverse, 5Ј-CGTGG TGAGC ATTGT C, 151-461, 58°C, 35 cycles, 311 bp;  actin (V01217), forward, 5Ј-TCATG AAGTG TGACG TTGAC  ATCC-3Ј, reverse, 5Ј-CCTAG AAGCA TTTGC GGTGC AC-GAT G-3Ј, 2727-3135 ; 60°C, 15, 285 bp. The PCR reactions was carried out in 10 l mixture containing 1 l of cDNAs, 1 ϫ PCR buffer, 0.5 U TaqDNA polymerase (Geneaid), 0.25 mM dNTP and primers (20 ng) using a thermal cycler (Biometra, Germany). The target genes were amplified by denaturing cDNAs at 94°C for 30 sec, annealing primer at the optimal temperature for 30 sec, and extending amplicons at 72°C for 40 sec. The control for genomic DNA contamination was RT-PCR without reverse transcriptase, and no DNA band was detected under this condition.
Cell Culture. The cultivation of Sil-15 RA reporter cells was performed as described (2) . The reporter cells were seeded on coverslips with density of 2 ϫ 10 5 cells/cm 2 and cultured in L-15 CO 2 medium for 24 h before coculturing with explant tissues. E11.5 and E13.5 mouse brains were cut in the coronal plane with a vibratome. The lateral ganglionic eminence (LGE) was isolated from the forebrain slices and rinsed three times with SF-21 serum-free medium (3) before being cocultured with Sil-15 cells for 10 h in L15-based serum-free medium containing all-trans retinol (10 nM, Sigma). For assaying the RA levels in E13. 5 LGE along the rostrocaudal levels, the rostral and caudal parts of E13. 5 LGE were isolated from the forebrain slices and then cocultured with Sil-15 cells for 10 h. The cocultures of explants and reporter cells were fixed with 2% formaldehyde and 0.2% glutaldehyde in PBS for 5 min at room temperature, and were then processed for X-gal staining.
ST14A cells (4) were propagated at 33°C in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 3.7 g/liter NaCO 3 (Merck), 0.29 g/liter glutamine (Invitrogen), 100 unit/ml penicillinstryptomycin (Invitrogen), and 10% FBS (Biological Industries). Two days after subculture, the medium was replaced with SF21 serum-free medium. All-trans RA (1 M, Sigma) or its vehicle was added to the medium, and the cells were further cultivated for 4 days in vitro. For the cell proliferation assay, cells were seeded in 24-well plates (5 ϫ 10 4 cells/well) and pulse-labeled with BrdU (3 g/ml, Sigma) for 3-6 h before fixation with 4% paraformaldehyde for 30 min. Immunostaining of BrdU was performed, and the proliferation index was calculated as percentage of BrdU-positive cell number of total cells as identified by DAPI staining. For RT-PCR assay of gene expression in ST14A cells, cells were cultured in 6-well dishes (2.5 ϫ 10 5 cells/well) with the same culture protocol.
Quantification. For measuring MOR1-positive striosomal areas, the photomicrographs were digitalized and loaded into the Scion Image software program (Scion). The Bregma 1.30 and 0.4 mm were selected to represent the rostral and caudal levels of the striatum, respectively (5) . The left, top, and right borders of the striatum were along the inner side of the lateral ventricle, the corpus callosum, and the external capsule, respectively. To exclude the area of the nucleus accumbens, a horizontal line was drawn from the top of the anterior commissure to the bottom of the external capsule, and then a second line was drawn form the central point of the first horizontal line to the bottom of the lateral ventricle. These two lines demarcated the bottom of the dorsal striatum. The striosomal and the total striatal areas (caudoputamen) of both hemispheres were measured as duplicates, and the percentage of the striatal areas taken up by striosomes was calculated by dividing the striosomal areas with total striatal areas.
To quantify the density of calbindin-positive neurons in the rostral striatum, the number of total calbindin-positive neurons was divided by the area of the striatum. For quantifying BrdU-positive cells in the adult striatum, darkly stained BrdU-positive cells were counted in the striatal proper and the subcallosal lateral streak at the level of Bregma 1.3 mm. BrdU-positive cells in each hemisphere were counted as duplicate. For calculating proliferation index in the BrdU-positive/TuJ1-negative ventricular zone at E11.5, E12.75, and E16. 5 LGE/developing striatum, the number of BrdU-positive cells were divided by the number of DAPI-positive nuclei. For estimating the degree of programmed cell death, TUNEL-positive cells were counted every 100 m along the rostrocaudal levels at E12.75, E13.5, E14.5, and E15. 5 LGE/developing striatum, and the number of TUNEL-positive cells at each level were summed up for statistical analysis between genotypes.
For densitometry measurement of 35 S-labeled mRNA signals in x-ray film, the autoradiographic brain images in x-ray film were digitized and loaded into the Scion Image software program. The mean density of autoradiogram was measured from selective brain regions. The specific signal intensity was obtained by dividing the intensity of autoradiogram with background levels taken from the corpus callosum, and the specific signals from the selected brain regions in two hemispheres were calculated as duplicate. The intensities of the specific signals from different brains were averaged, and were then expressed as ratio relative to that of wild-type brains. Statistical analyses were performed by Student's t test.
Behavioral Tests. Mice (4-to 6-months old) were used in the present study (n ϭ 9 for wild-type mice, n ϭ 10 for RAR␤ -/-mutant mice). The behavioral experiments adopted the within-subject experimental design. Apomorphine (3 mg/kg, Sigma) dissolved in the vehicle of 0.2% ascorbic acid (Sigma) was s.c. administrated at 1 h after vehicle injection to each animal. A dose-response pilot study was first performed to determine the dosage of apomorphine used in the present study. Apomorphine at the dose of 3 mg/kg did not effectively elicit motor stereotypy in wild-type mice, although it significantly increased locomotor activity. The dosage of 3 mg/kg was used throughout the experiments. The behavioral responses of each animal were video-recorded for 3 min at the time points of 20 min and 50 min after the injection of vehicle or apomorphine. The number of head bobbing (repetitive stretching or swaying of the head in a back-and-forth or left-and-right motion) was counted during the last 2 min of each video clip. Locomotor activity was assessed by calculating the percentage of time excluding the stationary phases during the last 2-min period of each video clip. Rearing and grooming activity was measured by calculating the percentage of time that the animals displayed each behavior during the last 2-min period of each video clip. Data were analyzed with two-way ANOVA followed by Bonferroni's post hoc test. DARPP-32 (D32, G) , tyrosine hydroxylase (TH) immunoreactivity (I) and MOR1 mRNA (D) are diminished in RAR␤ -/-mutant striatum at rostral levels (AЈ, GЈ, IЈ, DЈ), whereas no significant change is observed in the mutant striatum at caudal levels except the lateral parts (BЈ, HЈ, JЈ, EЈ). The areas of MOR1-immunoreactive striosomes are reduced by 45.5% in the newborn mutant striatum at rostral levels, but no significance change was found at caudal levels (C). The MOR1 mRNA was also reduced by 44.1% in the newborn mutant striatum at rostral levels, but no significance alteration was found at caudal levels (F). (K-M) Ebf1 mRNA, which is preferentially expressed by matrix cells, is increased by 33.5% in RAR␤ -/-mutant striatum at rostral levels (K, KЈ, M) without significant change at caudal levels (L, LЈ, M). **, P Ͻ 0.01, ***, P Ͻ 0.001, Student's t test, n ϭ 3. 
